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More than four years have now passed since Dunham et al. [1] published 'The DNA sequence of human chromosome 22', in December 1999. This was the first 'essentially' complete human chromosome sequence to be finished. A few months later, in May 2000, Hattori et al. [2] published 'The DNA sequence of human chromosome 21'. At that time it seemed as though a rapid succession of completed chromosomes and their publications were to follow (perhaps in reverse numerical order, reflecting chromosomal size), but it wasn't until almost two years later, in December 2001, that the completion of chromosome 20 was announced [3] . Since then, a few more of the remaining chromosomes (successively 14, Y, 7, 6, 13, 19, 9 and 10) have been published, but we are still waiting on the rest, hopefully all of which will appear by the end of this year. With the announcement of the 'completion' of the entire human genome in April 2003, it's just a matter of time.
As the first two chromosome sequences have been complete for a relatively long time (in comparison to the rest of the chromosomes), now seems an appropriate time to take a look at how research on these chromosomes, and how genomic research in general, has been affected. How can we measure the impact of the completion and publication of the first two finished chromosomes? By counting the number of times each chromosome paper has been cited? By detecting an increase in the number of publications related to each chromosome? By noticing a shift in the types of research being carried out on each chromosome? By seeing an increase in the gene count, or a decrease in the number of unidentified disease genes? This article takes a brief look at these measures and more, concluding that the overall number of genes on chromosomes 21 and 22 has not changed much since the initial annotation of these chromosomes, but experimental verifications have increased the number of confirmed genes. Furthermore, the availability of the entire chromosome sequences seems to have facilitated the localization of some disease loci on chromosomes 21 and 22.
(SNPs), linkage disequilibrium, microarray analysis of gene expression, and transposable elements, were cited 100 times or more.
The types of articles that cited the first two chromosome publications covered a range of research areas, with the majority being comparative genomics, comparative mapping, gene discovery, haplotype analysis, genomic organization, and chromosome-wide gene expression analysis. Clearly, the availability of whole, 'completely' finished chromosomes made possible some of these new broad-scale types of research. For example, when doing comparative genomics to try and identify conserved regions that may contain regulatory elements, it is essential that both of the sequences that are being compared be as complete as possible, in order to minimize the false-negative rate. While the syntenic regions of these two chromosomes in other species are not necessarily finished to the same high quality, for example for mouse, rat and chicken, they are available at various levels of draft from whole-genome shotgun assemblies. Fortunately, in the case of human chromosome 21, the equivalent chromosome in chimpanzee, chromosome 22, is now available in high-quality finished form [7] , and the same is being done for regions similar to human chromosome 22.
The number of chromosome-related publications
If we look at the number of publications in PubMed [8] using the search criteria 'human chromosome 21 OR human chromosome 22', the average number of articles per year for both chromosomes begins to level off in 1990 (106 for chromosome 21 and 83 for chromosome 22), several years before the sequence publications ( Figure 1a ). On the basis of this information, the publications of the first two chromosome sequences had no effect on the number of chromosome-related papers published per year. If the number of publications per chromosome is weighted by chromosome size (Figure 1b ), chromosomes 21 and 22 (as well as chromosomes 17 and 19) appear to be very 'high impact' chromosomes. In the case of chromosome 21, this effect could be due to the special interest in Down syndrome (trisomy 21). If the number of publications per chromosome is weighted by the number of genes on the chromosome (Figure 1c ), chromosome 21 appears to be very significant, followed closely by chromosomes 13, 18 and 22. This observation may be due to the relatively small size of these chromosomes and low numbers of genes in comparison with the other chromosomes.
It might have been expected that the number of chromosome-related papers would increase after the original publication of the first chromosome sequences, but instead we see a shift in the type of research that is being conducted. Whereas before their publication the research emphasis was on mapping and novel gene discovery, after their publication the emphasis turned to comparative analysis (for example, between mouse and human, as by Pletcher et al. [9] ), haplotype analysis (for example, by Dawson et al. [10] ) and wholechromosome transcription analysis (for example, by Rinn et al. [11] ). Hence, the availability of essentially complete, highquality sequence is ushering in a whole new era of genomic research. Individual scientists generally no longer have to worry about the tedious tasks of mapping, sequencing and Other reasons for the leveling off in publication numbers could be that the number of researchers interested in these two chromosomes, and the amount of funding available for studying them, has not changed in recent years. And, because of the International Human Genome Sequencing Consortium's adherence to the 'Bermuda rules' [12] , researchers around the world were able to access the sequence as it was being produced: they didn't have to wait until the chromosomes (or worse yet, the whole genome!) were published to utilize it. If this policy had not been implemented, we might have seen a spike in the number of chromosome-related publications upon publication and release of the sequence, assuming that researchers were eager to make use of it.
The number of genes
Another measure of the significance of the publications of the first full chromosome sequences might be the number of genes that have been identified since the original publications. When the sequences of chromosomes 21 and 22 were first published, it is safe to assume that the papers' authors did not believe that they had identified all of the genes on these chromosomes. They (we) knew that, upon release of the data, other scientists would identify more genes, and that new information would become available to help verify and append the initial annotations -and this is exactly what has taken place over the past four years. If we look at the number of genes (total non-pseudogenes) for each chromosome at the time of publication and compare it to the most recently available counts (Table 1) , we can see that overall the gene numbers have not risen that dramatically -an indication that the initial gene identification was done very well. In the case of chromosome 21 there is quite a jump in number of genes, but this is mainly due to the annotation of two keratin-associated protein gene clusters, one of which was only counted as a single gene in the original analysis.
We can also see that for both chromosomes the number of genes in the 'known' category has dramatically increased, while the number of 'novel' and 'putative' genes has generally decreased ( Table 1) . This re-categorization is due in part to the number of experimental verifications that have since been carried out on the predicted genes, and in part to the significant increase in number of full-length cDNAs and expressed sequence tags (ESTs) that have recently been deposited in the public databases. Many more human genes are now covered by at least one of these valuable mRNA resources than when the chromosomes were first annotated; four years ago mRNA data were much scarcer, and many gene models were based on partial EST evidence or solely on in silico gene-prediction analysis. At that time, for each chromosome only one representative model was annotated per gene; because of all the new mRNA data, however, roughly 30-40% of genes now have multiple transcripts annotated. And, also because of the new mRNA data, most annotators now agree that, in order to keep the number of false-positive gene models to a minimum, computer-only gene predictions should not become part of the annotation set until they are experimentally verified. Another noticeable change that can be seen in Table 1 is the near doubling in the number of pseudogenes for both chromosomes. This jump is due to several factors, including the increase in mRNA data, the completion of the rest of the human genome and subsequent improvement of annotation elsewhere within the genome, and the development of standards on how to define pseudogenes. Annotation of genomes is an evolving process that improves with time as additional experiments, tools, and resources become available. In the same way as Collins et al. [13] have now published the first follow-up to their initial annotation of chromosome 22, annotation of the other chromosomes is sure to improve over time (of course, for those chromosomes that are not yet published we should expect that the firstpass annotation is up to current standards). Researchers from the human genome community are working together to standardize gene and genome annotation. In March 2002, the first Human Annotation Workshop (HAWK) [14] was held at The Wellcome Trust Sanger Institute, bringing together scientists from most of the public sequencing centers, various databases, and the Human Genome Organization (HUGO) Nomenclature Committee (HGNC) [15] . The goals of the workshop were to establish communication between the groups involved in annotation, to standardize the way annotation is done across the human genome, and to exchange information, all with the aim of producing the highest standards of manual curation for the human genome. It should be noted that the HGNC has the daunting task of assigning unique identifiers, or gene symbols, to each gene in the human genome, thus reducing the amount of confusion often associated with multiple and non-unique gene names.
The number of disorders characterized
If we look at the number of human diseases and disorders (26 and 62, respectively) that have been mapped to chromosomes 21 and 22 (see Table 2 , 3 and 4), we find that 3 (12%) and 12 (19%), respectively, were not mapped to the chromosomes until after January 2000. Thus, it appears that the availability of the entire chromosome sequences was necessary for locating some disease loci. Even now that all of these disorders have been mapped to their respective chromosomes, determining the exact location of the disease locus, the full-length cDNA product, and the mutation(s) that correlates phenotype and genotype remains a challenge.
In the case of chromosome 21, 6 (23%, including Down syndrome) out of 26 disorders do not have any conclusive mutation identified, and 4 disorders (15%) do not yet have any specific sequence location. And, for chromosome 22, an amazing 30 (48%) out of 62 disorders do not have any conclusive mutation identified, and 14 disorders (23%) do not yet have any specific sequence location; but several of the disease loci on chromosome 22 are involved in chromosomal rearrangement disorders, which are difficult to pinpoint, such as chronic myeloid leukemia. Two of the biggest barriers to identifying disease-gene locations and mutations are the lack of patient (and family) samples and complexity of the disease, particularly in multi-gene disorders such as Down syndrome or heterogeneous disorders such as schizophrenia and Alzheimer's disease. By having the full human genome sequence available, investigators need only to concentrate on matching disease phenotypes with genes from the current annotation, rather than having to identifying the genes themselves.
In Tables 3 and 4 There are currently 26 disorders mapped to chromosome 21, and 62 disorders mapped to chromosome 22. Numbers indicate the date by which the loci were first mapped to the chromosomes, when the first phenotype-related mutations were identified, when the first gene sequences were published, and when the first full-length cDNAs were published. Since exact date information was not available, a cutoff of January 2000 was used. Data were obtained from the NCBI resources OMIM [17] , GenBank [18] and LocusLink [19] .
research, even though the exact gene (or genes) that cause these syndromes has not yet been pinned down.
In summary, depending on how impact is measured, the publications of the first two finished human chromosomes may or may not appear to be significant, although one would have a hard time arguing against significance. From the analysis here, each chromosome has had various influences on the research that is being done on that particular chromosome and in other areas of biological research. Although the authors may not have done everything the 'right' way the first time around, they certainly set a standard for how other chromosomes should be finished, annotated and maintained over time. Given that both of the first-finished chromosomes are relatively small (each representing about 1.5% of the entire genome) they have subsequently become 
